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FRACTURE MODES IN OFF-AXIS FIBER COMPOSITES 


by J. II. Sinclair* and C. C. Chamls* 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

Criteria have been developed for Identifying’, characterizing, and quantifying 
fracture modes In high-modulus graphlte-flber/resin unldlrectlonji) composites 
subjected to off-axis tensile loading. Procedures are described which use sensi- 
tivity analyses and off-axis data to determine the uniaxial strengtii of fiber com- 
posites. It was found that off-axis composites fail by three fj’acture modes 
which produce unique fracture surface characteristics. The stress that domi- 
nates each fracture mode and the load angle range of its dominance can bo Iden- 
tified. Linear composite mechanics Is adequate to describe quantitatively the 
mechanical behavior of off-axis composites. The uniaxial sti’engths predicted 
from off-axis data are comparable to those measured In uniaxial tests. 


INTRODUCTION 

A detailed investigation was conducted at NASA-LeRC of the mechanical be- 
havior of high-modulus graphlte-fiber/epoxy-matrix unidirectional composites 
subjected to off-axis tensile loading (refs. 1 and 2), The objectives of this in- 
vestigation were to: (1) Identify and characterize fracture surfaces, (2) deter- 
mine whether linear composite mechanics can be used with confidence to de- 
scribe quantitatively the mechanical behavior of off-axis composites subjected 
to tensile loading, (3) identify and quantify fracture modes associated with off- 
axis fractures, (4) develop criteria and convenient procedures which can be used 
to identify and quantify fracture modes associated with off-axis loading, (5) use 
sensitivity analyses in conjunction with off-axis fracture data to determine uni- 
axial strength indirectly, and (6) assess the effects that possible eccentricities 
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(lhal could aii»c during tcHtinK) mav have on the fracture strcMS of off-axis spec- 
imens. The Investluatlon consisted of mechanical tcHtin^, seanninK electron mi- 
croscopy (fra*.‘ionraphic> studies, com|x>site mechanics, :md finite element tuialy- 
scs including NAS'l'llAN, 

The Iractouraphic studies (item (1) above) were reixirted in detail in refer- 
ence The effects of txissible eccentricities (item (G) alxive) were re|X3rted in 
detail in reference -i. 'ITte part of the investigation of the application of compo- 
site mechanics, identification and quantification of fracture modes, criteria and 
convenient procedures for identifylnn fracture modes, sensitivity studies (items 
(li) to (5) alxive) and the results obtained arc described in detail herein. The de- 
scription is divided into an experimental section and a theoretical and compari- 
sons section. The latter section is suixlivldi'd into sections on elastic constants, 
fracture stresses and strains, ply fracture stresses and strains, regions of 
sinule- failure mode predominance, stress-type inlluence on fracture mode, and 
• ■ i ’• Studies. 


EXPKKIMENTS 

The laminate used in this investigation consisted of eight unidirectional plies 
of Modmor-I graphite fibers about 50 percent by volume In a matrix of EKLA- 
•1617 epoxy resin cured with metaphenylene di-amine (MPDA). Tensile speci- 
mens were cut from the laminate plate at Uu* desired load angles as shown in 
figure 1 by use of a diamond cutting wheel. Slacks of specimens, so cut, were 
placed on etige and dressed down to the required 1.27 centimeter (0.500-ln.) 
wlclih >y a diamond grinding wheel. Specimen ends were reinforced with 
adheslvely-lx)nded, tapered fiber glass labs. The tensile spt'clmens were then 
Instrumented with either two or five 120-ohm, GO*' delta-rosette strain gages. 

A schematic of specimen geometry and strain gage arrangement is shown in 
figure 2. The test specimens were loaded to fracture by using a hydraulically 
actuated universal testing machine. Loading was incremental to facilitate 
periodic recording of strain gage data. Tractured surfaces of the tensile speci- 
mens were observed by scanning electron microscopy, and typical phnromlcro- 
graphs were made to illustrate fracture modes as will be described later. 

A photograph of the fractured specimens Is presented in figure 3. The load 
angles, between load and fiber directions of the specimens from bottom to top 
in the figure are: 0**, 5**, 10*', 15**, .’W)*', 45*', 60*', 75**, and 90**. Note that 
the specimens tested a* 0**, 5*', 10*', 15*', and 30** off-axis fractured away from 



the end labs and those tested at *15°, C0°i 75^, and 00*^ fractured near the end 
tab. Fractures at or near end tabs are to be expected. Flnlte-oleinejit analysis 
results (refs. 12 and <1) show that the stresses at the edge near the end tab are 
higher than at the mld-lengtli center In certain orientations. Consequently, 
these stresses can initiate fractures near the end-tab region. 

Tensile pi’ 0 i)ertlej determined during this study are summarized in 
Table I, The specimens tested along the fiber direction broke at 60.3xi0^ 

o 

N/cm** (81.7 Usi) and the fracUii’o strengths of the specimens deci’eased grad- 
ually with Increasing load angle; the transverse specimen (90® off-axts) broke 
at 12 . 8 X 10 N/em“ (4 ksl). The moduli also decreased with Increasing load 
angle and lie between about 24x10*^ N/cm“ (35xio^ psl) for the longitudinal 
specimen (0® off-axis) and just over 0,75X10^ N/cm“ (l.ixio® psl) for the 90® 
off-axis specimen. Stress strain curves (from gage 2, fig. 2) are presented 
In figure 4. Note that they are all linear to fractui’o. 

The fractured surfaces of the specimens wore studied by using scanning 
electi’on microscopy (SFM). Tlie photomlex’ographs of the fracture surfaces 
exhibit unique characteristics In different load angle (0) ranges. The details 
are presented in references 1 and 8. Photomicrographs from these references 
relevant to this discussion will be described later. 


THEORY AND COMPARISONS WITH EXPERIMENTS 

Linear composite mechanics (LCM) was used to predict the elastic con- 
stants, composite fracture stresses and strains, ply fracture sti’esses and 
strains, and region boundaries of single-failure-mode predominance. Linear 
composite mechanics is applicable and sufficient since the stress strain cuiwes 
to fracture are linear (fig. 4). Comparisons are made between predicted re- 
sults and measured data to show that LCM describes quantitatively the mech- 
anical behavior of the various speclma ns. And, thus LCM can bo used with 
confidence to quantify the different fracture modes and their range of pre- 
dominance , 


Elastic Constants 


The elastic constants of Interest in this investigation are the modulus of 
elasticity along tlie load dh'ection E , the Poisson's ratio and the 
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where 0 is the angle between fiber and load directions, denotes the mod- 

ulus of elasticity along the fiber directions, Ejj,,,., Is the modulus of elasticity 
transverse to the fiber direction, , is the In-plane (Intralaminar) shear 
modulus, and Is the major Poisson's ratio. The subscript £ identifies 

the unidirectional property and the subscripts 1 and 2 denote orthogonal ma- 
terial jixos with 1 taken along the fiber direction. Equations (l), (2), and (2) 
are programmed In the computer code (ref. 5) that was used to predict the 
elastic constants from the unidirectional composite properties. The predicted 
properties were than used for comparison with the measured data. 

The comparison for the modulus is shown In figure 5 and shows very 

good agreement. The comparison for the Poloson's ratio Is shown In figure G. 
As can bo scon, the measured data are below the predicted curve in the load- 
angle range 0° < 0 < ‘15°. The agreement is good at load angles greater 
than ‘15°. The comparison for tlic coupling coefficient n_„„ is shown in fig- 
lire 7. Again, the agroomont Is very good except possibly for 0 angles less 
than 15°. 


Fracture Stresses and Strains 

The composite fracture stress S along the load direction for the spec- 
linens was predicted by using the following equations? 
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The imdoflnocl notation In equations (4) and (5) Is as follows: corre- 
lation coefficient (ref. 6) which Is assumed to bo unity In this case, Is 

the unltuilal longitudinal fracture stress (along the fiber), S^gg.p Is the uni- 
axial transverse fracture stress, S^2.2S uniaxial Intralaminar (In-plane) 

shear fracture stress, and and ^£03 represent Poisson's ratio In di- 

rection 3, which Is through the composite thickness. The Poisson's ratio 
''*£13 I® ^'sually talcen equal to uud ^£23 1® computed using composite 

mtcromochanlcs. The value of ^£5^2 fd’ the hlgh-modulus, graphite- fiber/ 
epoxy (Mod f/E) composite, computed by the computer code (ref. 5), Is 1.44. 
Note that equations (4) and (5) are derivable from a modified distortion energy 
principle described In reference 6. 

JTho composite fracture strains £ along the load direction for the sped- 

w 

mows were predicted by using the following equntlons: 


<S 


cxx 


cxx 


cxx 


( 6 ) 


cxx 


cyy cxy 


cxx 


C7) 




jf 

* nvc 


CXX 


cxy ' cxs 


cxx 


( 8 ) 



6 


wluM'o is {i'lvon by P/ A (vvlu’iv P Is (Ik* IrnoUiro lond niu) A the* spc’cl- 

jm*n cross section area) and the elastic constants arc determined by using eq- 
uations (1) to (h). Kquatlons (1) to (t?) have also been progranmied In the com- 
puter code (ret'. 5), and the ))redleted results used tor the comparisons wore 
generated by using this code. 

The comparison of predicted and measured values of fracture stress Is 
shown In figure s. The unidirectional composite fracture stresses used to gen- 
erate the pmlloted data aiv also shown In tills figure, As can be seen the com- 
parison Is excellent. The eomparlsons for the center gage fracture strains are 
summarized In table II, The comparison Is reasonably good for the axial 
and shear t’jj.xy strains, and It Is relatively poor for the Poisson's -^pyy 
strain, perhaps because of the relatively small numerical values of the " 
Poisson's ratio for composites la gonernl. The good agreement for and 

‘^exv fl'dlclpnted since the stress-strain curves are linear (or nearly so) 
to fracture, ns was already mentioned , 

The Important conclusion from those comparisons is that llie off-iLxls fail- 
ure of composites with linear stress-strain curves to fracture Is predicted ac- 
curately by the failure theory summarized heroin and described In detail In 
reference 6, 


Ply Fracture Stresses and Strains 

The ply fracture stresses were detei'minod by using the following equa- 
tions; 
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where cr^ represents ply stress and the numerical subscripts the directions. 

The ply fracture strains were determined using the Ibnowlng matrix 
equation; 
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wlu'i'i* avo the composite stimlns at fracture which arc determined from 
equations (C) to (8). ICquntlons (9) to (12) are also available In the computer 
code (ref. il). The predicted results reported herein wore gonerated by uslnj*: 
this code. 


Ueglons of Single-Failure Mode Predominance 

The reglotis where single falluro modes predominate may be Identified by 
plotting the following ratios Irom measured data; ‘^£22'^®£22T’ 

‘’jei2''^®£12S’ ^.Cll' ^mT* ‘•£22'^^£22T’ ‘•‘£12^‘^£12S «s fw^ctFons of load 

and angle 0 , In those ratios and t£ denote ply stress and strain, respec- 
tively, and Sj, and represent the corresponding uniaxial fracture stress 
and strain, respectively, llegtons of slnglo-failure-mode predominance show 
that both of those ratios (U(i/Sj(i) and associated with this failure mode 

are near unity. Those ratios associated with the other two failure modes arc 
considerably smaller by comparison. 

The resulting plot for stress Is shown in figure 9. As can bo observed 
from this flgtire, the curve for closer to unity than 0£02/®£22 

or tbo load-angle range 0° < 0 < 5°; therefore, longitudinal 

tension Is the predominant fracture mode In this range. The scanning elec- 
ti*on microscope (SERI) photomicrographs show that the fracture surface In 
this region Is a tiered surface, dominated by fiber fractures (fig. 10(a)) 

(Irom ref. a). The ratio o’!) xq/S^ I s closer to unity ns obseiwed from the 

crossover points in the range 5° < 0 < 20°, indicating that intralaminar shear 
stress Is the predominant fracture mode In this range. The SEM photomicro- 
graphs show that the fracture surface in this region Is dominated by matrix 
lacerations (fig. 10(b)). The ratio 0£22/®£22 closer to unity as obsex’ved 



from ilu’ or point** ht tlu> r;inp;t* 1./' ^ ‘Hi*’ inclicuUiHv thtU tho 

trnnyversi* umsllo nlrot?n in tlu* prcclominniu irarliiro modt* in IIiIk rnngo. 
Tho SICM phoiomiin'opiraphs nhow that tlu* frariurr Hurfaco is clomtnaUul by 
matrix rloavuivo and fibri* siirfayos lix i* from matrix rosidiu* (flfi, 10(c)). 
The ratios ‘’’f j^.»S ond have comparable masnUiidcs In 

the load anp,le range Uti” < if v .1.1^’ In this range, then, fracture Is pro- 
duced by combinations of Intrulmumar shear and transverse tensile stres- 
ses (mixed mode), The SKM photomlcrograplis show tliat the fracture sur- 
face in this range Is a ml.xture of matrix laecralinns, matrix cleavage, and 
fiber surface free of matrix residue (fig. 10(ih), 

The corresponding plot for strains is shown in flgtire 11. As can be 
observed in this figure the ratios for strains near unity arc tho same as 
those for the corresponding stresses. The load angle in which the Individual 
strains dominate arc longitudinal tension i)*’ < 0 5*’, Intralaminar shear 

0 ° < (J< 20°, transverse tension -ir)” e o c 00°, and mixed mode (combina- 
tions of Intralaminar shear and transverse tensile (20° s t, .. 15°. 

Tho dominance of longitudinal tensile fracture stress for the narrow 
load angle range below .5° Is well known In the fiber composite community. 
However, the narrow range (about 1.^°) of intralaminar shear stress frac- 
ture dominance and the large range (about 00°) of transverse tensile stress 
fractiu’c stress dominance have not been Identified or, at least, not repor- 
ted prior to the Investigation described in references 1 and 2. It is impor- 
tant to note at this juncture that the results of figures l) and 11 provided the 
theoretical basis for using Ihc 10° off-axis lensUe test method for Intra- 
laminar shear characlei izalion (ref. 7). This lest mctliod was a spinoff of 
the same Investigation, 

The major conclusion from this discussion Is that the regions of slngle- 
stress-fracture-mode dominance can be Identified by normalized plots of 
stress and strain. And, lurlhermore. In these regions the fracture surface 
SKM photomicrographs show dlsllncl fracture mode characteristics, that Is, 
fiber tensile fracture 0^^0< 5°, matrix lacerations 5° < 0 < 20°, mixed 
modes 20° 0 •15°, and matri.x cleavage 45° <0< 90°, 


Slx*ess-Typc Influence on Fracture Mode 

A procedure to Identify regions ol individual stress influence on frac- 
ture mode is obtained by normalizing the ply stresses with respect to frac- 



tiuv HlroHy ill tho load cllvtH'tiou u«ln;4 I’Quations (!)) to (111. As oan bo setMi 
from thoso oquations tho noi'mnll/allon loads to tho follnnlnK ti'lKonomctrlc 
lunollons! oos**!/ foo lonKltudlnal stross, slirtJ lor trauHVorao tUross, and 
(sill LVi) 2 for Intralaminar shoar stross. Tho nost slop Is to plot these fune- 
tlons vorsiiH load ani?le anti suporimpose tho oorrespoiulInK moasuved data. 
Tho vangos of Rlnj?lo-stross~fraeturo-modo predomlnanee are then Identified 
by the ooIneUionee of the measured data with tho cori*o«pondlni¥ trigonometric 
function. 

Thi • proooduic la Illustrated grnplileally In figure 12, The following arc 
obaoiTotl In figure 12: 

(1) The Intralaminar shear stress coincides with Its corresponding trig- 
onometric function In the load-angle range o“^ <0 £.20^ and, therefore, has 
significant Influence In thia range, 

(2) The transverse stress coincides with Its corresponding trigonometric 
function throughout the range of the load angle. It, therefore, Influences tho 
fracture mode throughout the range and predominates In the 20° < 0 < 90° 
range. 


(2) Tho longitudinal stress rolncldos with its corresponding trigonome- 
tric function only at tho 0° toad angle. It, therefore, has Insignificant Influ- 
ence In the fracture mode In the 0° < 0 £ 90° range. 

The conclusion here Is that the ranges of Individual slress Influence 
and/or predominance on fracture mode are Identified by means of the proce- 
dure Illustrated In figure 12. The results Just described coupled with the i‘c- 
sults of the scanning electron mleroseopy studies should be helpful for Iden- 
tifying, characlorlzlng, and quantifying fracture modes In off-axis compo- 
sites. Further, the results should aid In establishing comparable procedures 
for angle-plied laminates. 


Sensitivity Studios 

Uniaxial fracture stresses may be appro.xlmatcd Indirectly by use of off- 
itxls tensile data in conjunction with equation (4). This provides values for 
these stresses that are independent of uniaxial tests. To evaluate tho uniaxial 
fracture stresses Indirectly, known values for iwo of tho throe uniaxial frac- 
ture stresses ^ji22T’ °’-’ ®t!i2S^ substituted into equation (•1), Tho 

equation is then used to genorato curves for tho composite fracture stress, 
®c-xx’ assumed values of llie third uniaxial fracture stress and different 
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Iniii! ^ K An '.ippioxnmuton lo tlu> :u*ui;il vuluf ol the UHfJUnuu! is 

tlu'U iihtaimd In ‘iU[U’nmpo!iin{' on iIu’m* oucvi's ilu' measui’i'il \ nluos foi* H , 
riu’ piXK’i’iluro If nlusirati'U {U’ai)hk fiUv in iiijurc i:?, lor tlu* iiUrnlnminni* 
slu nr ii.'U'tnro sm-ss, 'I'lu* intralaminar shoar stress is detormlni’il by (lrmv> 
inj; u lu’!d-lii O’V eu>) verllenl Um* ot tlu* monsuml liata fdaslu’d lino), Tho in- 
tralaminar shear frnetux’e stroHS, or strenj.vih, is tho Inlorsootion of this vorll- 
eat lino with ihe alisoissa. For the Mod I K this value is .l.rixit)*' newtons per 
square eentimetoi' (N ein“; s UsI), whioh is very oloso lo that of Iho 10° off- 
axis tensile speeimen and is within the eanjto of available tlala In the literature 
to 0.2x10*’ N om“ (7.0 to Ji.U ksf, ref, 2)). 

I'he ‘^anie [troeoduro oan be used lo delormiuo Indirootly the other uni- 
axial streiiRths. 'rhough details are not presented here, applieatlon of this 
proeerlure yielded 2 .'.ixni‘’ N/em“ (•f,2ksi) for the trensverse tensile strength 
(►■'fjrp) 'd *’^l'''d I F eompared to 2.7I)*‘l(i*’ N’, em" (‘l.« ksl) from the 1)0° ten- 
sile speeimen test and as high as 70 xio*’ N/em“ (102 ksl) for the longitudinal 
tensile sirength ‘^">^'Pared to 3(1, 5x10*’ N/em“ (H2 ksl) from the 0° ten- 

.sile speeimen test, One Inter]U’etntIon from these results Is that the longklu- 
llonal ti-nsile sirength as measured from the 0° tensile specimen may be eon- 
servaik e. The procedure was also applied lo the data foe boron-opo.xy reported 
in reference 8, The value obtained for the Intralaminar shear strength was about 
7.0 <10*’ N/em“ (10,2 ksl) eompared to 7.7xiu’’ N/cm“ (11.2 ksl) from the 10° 


off-axlH, 

'I'he graphical results from sensitivity studies provide additional Informa- 
tion. For example, from figure 12, It Is seen Unit; (l) the curves show that an 
intralaminar shear sirength (Sg j^.,^0 greater than C.5)xi0‘^ N/om“ (10 ksl) has 
negligible Inlluenee on off-axis strength (H for load angles 0 equal to 5°, 
20°, and -If) i (2) the dependence of on Is significant and Is almost 

linear for 0 equal to 10° and 15° and, therefore, these test specimens arc suit- 
able for determining the Intralaminar shear characlortsllcs of unidirocllonal 
cotnposUes; and (2) tho intercept of the best fit vertical line with the 5° curve 
yields an off-axis strength of about 45x10*^ N/cm" (G5 ksl) for which 

indicates that (he 2° off-axis tensile specimen may have failed prematurely. 

'rhe reader can probably obsoi've additional significant information in figure 12. 
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SPMMAHY OF Ui’Sl LTS AND CONCLFSION’S 

Tlv» major rcwiiUs ol’ an invi'^tiHation iiuo tlu* nu'ChaiUoal bfhavjor and Uu» 
fracture modes ofhigh modulu > Kraplule- fiber /epoxy matrix t*Modmor I/epoxy 
fiber) oomposllos subjected to off-axis tensile loadings are 

1. The htress-straln curves to fracture are linear 

2. The results predicted by linear eomposilo mechanics were In very good 
agreement with measured data. 

3. Composite fracture stresses predicted by using a modified distortion 
enoi’gy criterion were in excellent agreement with measurefl data. 

4. A convenient plotlljig procedure was developed that can be used to Iden- 
tify which stress don.lnatoB off-axis tensile fracture. 

5. The fracture modes that predominate for varfous ranges of load-angle 
wore Identified as follows 

a. Longitudinal tensile (liber breaks) near 0® load angle 

b. bitralamlnar shear tmatiix shear fracture) In the 3 ' to 20 load- 

angle range. 

c. Transverse tensUe (matrix tensile fracture) In the 45° to 90° 

load-angle range, 

d. Mixed mode (Intralaminar shear and transverse tensile) in the 

20° to 45° load-angle range. 

6. Uniaxial strengths can be determined Indirectly from sonsUivlty studies 
and the plotting procedure described herein. The Intralaminar fracture shear 

Q Q 

stress was determined to be 5.5xio N/em (8 ksl). This value Is in good 
agreement with literature values 5.2xio^ to C.2xio^ N/cm^ (Y 5 to 9 0 ksl). 

7. Linear composite mechanics can be used with confidence to describe 
quantatlvely the mechanical response to ofi-axis tensile loads of hlgh-modulus- 
flber/epoxy-matrlx composites which exhibit linear sfross-straln behavior to 
fracture. 

a. The fracture modes and fracture surface charactortstlcs in off-axis 
tensile specimens can be Identified and quantified by using a combination of 
scanning electron microscopy, linear composite mechanics, and the plotting 
procedures described herein. Furthermore, this combination should be 
helpful for establishing comparable procedures for anglo-plied laminates. 

9. Criteria that can be used to identify fracture modes from fractui'e 
surface characteristics of off-axis fiber A’esln composites are as follows*. 
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a. Tlorocl surfaco with dominant fiber fractures Is characteristic of 

longitudinal tons'.lo fracture, 

b. Smooth surface with matrix lacerations Indicates Intralaminar 

shear fracture, 

c. Smooth surface with matrix cleavage Indicates transverse tensile 

fracture. 
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TABLK n. - comparison OF PREDICTED AND MEASURED FRACTURE 
STRAINS FOR MOD I/E UNIDIRECTIONAL COMPOSITE TESTED 
AT VARIOUS ANGLES TO THE FmER DIRECTION 


0.50 Fiber volume iVacUon 


Speci- 

men 

Load 

angle, 

deg 

Fracture strains, percent 

Measured^ 

Predicted 




A\lal, 

Poisson's, 

Shear, 

A.xial, 

Poisson's, 

Shear, 



^^cxx 

£ 

cyy 

‘^cxy 

‘^c.x.x 

‘^cyy 

■^cxy 

A-0 

0 


-0.063 

0.0025 

0.269 

-0.070 

0 

A- 5 

5 

.188 

-.047 

.523 

. 234 

-.062 

,599 



.287 

-.040 

.985 

.351 

-.093 

1.05 

A- 15 


. 284 


.743 

. 331 

-.086 

,868 



.305 

MB 

.522 

.413 

-.093 

.596 

A-45 




.319 

. 431 

-.071 

, 341 

A-CO 


. 414 


.152 

.445 

-.042 

.182 

A-75 


,385 


,081 

■SI 

-.014 

.069 

A-90 

90 

.364 



■s 

-.003 

0 


from center gage, 
c 


















TADLE I. - UNIDIHECTIONAL COMPOSITE PROPERMES 


Property 

Manufacturer's (into 

Lewis Roaoarcli Center data® 

Longitudinal tensile: 

Strongtl:, N/cni^ (I'si) 

Modulus, N/cni^ (psl) 

Poisson's ratio, 

63.75.S10^ (78.0) 
22.5X10° (32.0X10°) 
0.184 

50.3X10° (81.7) 
24,1X10° (34.0X10°) 
0.27 

Transverse tensile! 

Strongtli, S^22T’ N/cm^ (kei) 
Modulus, ^122T> N/cm^ (psl) 
Poisson's ratio, Vjjgj 

4.07X10° (6.82) 
0.70X10° (1.10X10°) 
0.0039 

2.8X10° (4. 0) 
0. 772X10° (1. 12X10°) 
0.01 

Longitudinal compression: 
Strongtli, N/cm^ (ksl) 

Modulus, Ejjjjq, N/cm^ (psl) 
Poisson's ratio 

45,6X10° (00.2) 
35.8X10° (5^10°) 
0.31 


Transverse compression: 
Strongtli, Sj) 22 Q, N/cm^ (ksl) 
Modulus, E^22C» N/cm^ (psi) 
Poisson' ratio 

20X10° (29) 
1. 25X10° (1. 82X10°) 
0.0003 


Shear: 

Strongtli, Sj5j^ 2S> N/cm^ (Itsi) 
MwlulUS, Ojij 2 > N/cm^ (psi) 

4.40X10° (0.62) 
0. 489X10° (0. 700X10°) 

6.51X10° (8.0) 
0.010X10° (0. 89X10°) 


•''Center gngo. 


TABLE n. - PREDICTED PLV FRACTURE STRAINS 
FOR MOD I/E UNIDIRECTIONAL COMPOSITE 


AS A FUNCTION OF LOAD ANGLE 


Specimen 

Load 

angle, 

deg 

Composite 
fracture 
strain, ^ 
percent 

Ply strains, percent 

•^jCll 

•^122 

■^il2 

A-0 

0 

0.231 

0.209 

-0.0098 

0 

A-5 

5 

.168 

.180 

- ,007 

.042 

A-10 

10 

.287 

.158 

.100 

1. 14 

A-15 

15 

.284 

.0804 

.159 

.961 

A«30 

30 

.305 

.0280 

.291 

.736 

A-45 

45 

.390 

.00913 

.351 

.502 

A-60 

CO 

.414 

.00102 

.402 

.330 

A-75 

75 

.385 

- .0026 

.396 

.151 

A-00 

90 

.364 

- .0034 

.377 

0 


center gage, experimental results. 
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Figure 6.* Poisson's rifiofor Mod unldirectionit composite 
tested it vinous angles to fiber direction 
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